Abstract: This paper investigates the potential of combining Na 2 CO 3 and reactive MgO as a sustainable activator for ground granulated blastfurnace slag. Two very different reactivity MgOs were added at 5-10 % and the Na 2 CO 3 content varied from 4% to 8% by the weight of slag. The strength and the drying shrinkage of the activated slag pastes were tested up to 90 days. It was found that the optimum reactive MgO addition was 5% regardless of the MgO type and Na 2 CO 3 content.
Introduction
The production of Portland cement (PC) results in ~7% of man-made CO 2 emissions [1] , from the decomposition of limestone at ~1450 °C, the combustion of fuels in the kiln, as well as from power generation. Various attempts have been made in order to reduce the carbon footprint of the cement industry, one of which is the extensive usage of industrial by-products. Alkali-activated slag cements (AAS) based on ground granulated blast-furnace slag (GGBS) are sustainable alternatives to PC due to their low initial capital cost of the raw material, the saving of energy and resources, and the elimination of CO 2 emissions from limestone decomposition [2] . It is estimated that 70-80% of the CO 2 emissions can be reduced by substituting alkali-activated binders for PC [3] .
Numerous research efforts have focussed on the activation of GGBS by various alkali-metal hydroxides and silicates such as NaOH, KOH, sodium silicate and their mixtures [4] . However, neither NaOH nor sodium silicate is naturally available and they both require energy-intensive manufacturing processes. NaOH is usually generated by electrolysis of sodium chloride solution while sodium silicate is mainly produced by melting sand together with sodium carbonate/sodium sulfate at 1100-1200 °C followed by dissolution at 140-160 °C in high pressure steam. Consequently, the production of these alkalis has a large carbon footprint which diminishes the environmental credits assigned to AAS. Therefore, AAS using high volumes of NaOH and sodium silicate cannot be regarded as the best option for achieving a truly low-carbon and environmentally friendly cement system [5] . In addition to these sustainability challenges, the caustic nature, high cost and significantly high drying shrinkage behaviour [6] hinder the widespread usage of AAS based on these activators.
To develop a more sustainable AAS cement, sodium carbonate (Na 2 CO 3 ) was proposed as an alternative activator for GGBS [7] . Na 2 CO 3 can be refined from the mineral trona, or from naturally occurring sodium-carbonate-bearing brines, or alternatively manufactured from one of several chemical processes, and thus the world's resources of Na 2 CO 3 are practically inexhaustible and it is 2-3 times cheaper than NaOH or sodium silicate [8] . Furthermore, Na 2 CO 3 is less caustic and less harmful to the environment since it only produces carbonate anions in water. Nevertheless, research on Na 2 CO 3 activated slag is still very limited in the literature. Fernandez-Jimenez [7] showed that at 28 d, the strengths of alkali activated slag mortars followed the order: Na 2 SiO 3 •nH 2 O+NaOH > Na 2 CO 3 > NaOH. The author and later studies [6, 9] suggested that Na 2 CO 3 activated slag pastes showed long setting times and low early strength due to the low initial pH and the formation of a sodium calcium carbonate which retarded the reaction process. At later ages, the strengths were higher in the case of Na 2 CO 3 due to the formation of carbonated compounds such as
. Sakulich et al. [11] found that Na 2 CO 3 (8% of slag) activated slag mortar had negligible strength at 1 d while the strength increased to ~37 MPa at 28 d, with ~75% of this strength gained during the first week. In terms of shrinkage, Andersson and Gram [12] revealed that although the drying shrinkage of 5% Na 2 CO 3 activated slag was ~60% higher than PC at 231 d of curing at 20°C and 80% RH, curing at 80°C for 8 hours significantly decreased the shrinkage to a value slightly lower than that of PC. In another study, Duran Atis [6] found that the shrinkage of sodium silicate and NaOH activated slag mortar was 3 and 6 times more than that of PC mortar, respectively; while the shrinkage of Na 2 CO 3 activated slag mortar was lower or similar to PC mortar at 23 °C and 65% RH. Therefore, Na 2 CO 3 could be a promising sustainable activator to produce lowshrinkage AAS.
In fact, Na 2 CO 3 is often used with other alkaline activators such as NaOH or sodium silicate. Collins and Sanjayan [13] evaluated the suitability of NaOH and Na 2 CO 3 as a joint activator for slag and compared them with PC cured at 23 °C. With the addition of Na 2 CO 3 , the results indicated that the 1 d strength was generally greater than PC at the higher dosage levels of NaOH and Na 2 CO 3 , and there was a trend of increasing strength with increasing Na 2 CO 3 dose. Similarly, Li and Sun [14] showed that the combination of NaOH and Na 2 CO 3 gave higher strengths than using either alone. Fernandez and Puertas [9] investigated the combination of sodium silicate, NaOH and Na 2 CO 3 and indicated that the silicate anions increased while the carbonate anions decreased the strength of the AAS pastes.
Recently, Yang et al. [2] used the combination of Ca(OH) 2 and Na 2 CO 3 to activate GGBS and found that the hydration products were calcium silicate hydrate (C-S-H) gel, gehlenite hydrate (C 2 ASH 8 ), calcium aluminium hydrate (C 4 AH 13 ), and magnesium silicate hydrate (M-S-H) gel. In terms of strength, the combination of Ca(OH) 2 and Na 2 CO 3 gave ~20% increase over that using Ca(OH) 2 alone.
Hard-burned MgO (calcined at ~1000-1200 °C) has been used as an expansive additive for PC-based concrete in large concrete dam construction in China for decades [15] . Reactive MgO is usually calcined at 700-1000 °C and has a higher reactivity than the hard-burned, as well as the dead-burned MgO produced ≥ 1400 °C, which is usually present in PC. However, the physical and chemical properties of reactive MgO vary considerably, which are primarily governed by the source of the precursor and calcination history [16] . Recently, reactive MgO was found to be an alternative activator for GGBS, and gave higher strengths than Ca(OH) 2 activated GGBS at > 28 d [17, 18] . The effect of reactive MgO in the AAS systems has also been investigated. Shen et al. [19] showed that the addition of 10% reactive MgO reduced the shrinkage of sodium silicate activated slag/fly ash (AAFS) cement by ~50%, and the shrinkage was only slightly higher than that of PC. Meanwhile, the compressive strengths up to 7 d were found to increase slightly while the 28 d strength remained unchanged. Jin et al. [20] studied the strength and drying shrinkage of reactive MgO modified sodium silicate activated GGBS pastes using two different reactive MgO. They showed that MgO with high reactivity accelerated the early hydration of AAS and significantly decreased the drying shrinkage.
Although MgO with medium reactivity had little effect on the early strength, it also decreased the drying shrinkage of AAS. Previous findings [18, 20, 21] showed that reactive MgO was mainly consumed by the reaction with GGBS to form hydrotalcite-like phases (M-A-H), which contributed to the strength gain and the shrinkage reduction. This paper aims to investigate the suitability of combining reactive MgO and Na 2 CO 3 for the activation of GGBS. The effect of two different reactive MgOs with very different reactivities on the performance of the reactive MgO and Na 2 CO 3 activated GGBS pastes was investigated. The unconfined compressive strength and drying shrinkage of the pastes were measured at different curing ages. The hydration products and the microstructure were followed by X-ray diffraction (XRD), thermogravimetric analysis (TGA) and scanning electron microscopy (SEM).
Materials and Methods
The GGBS used in this study, with a hydraulic index of 1.6 according to [22] , was obtained from Hanson, UK. Two different reactive MgOs (from Richard Baker Harrison, UK) with different characteristics were used as the additive. Based on the characterisation in [23] , the first was MgO H , categorised as a highly reactive MgO, which almost completed its hydration in one day, and the second was MgO M , defined as MgO with medium reactivity, which continued to hydrate after one month. The chemical compositions of the GGBS and reactive MgOs are shown in Table 1 . Na 2 CO 3 solution was prepared the day before mixing by dissolving the sodium carbonate anhydrite powders (Fisher Scientific, technical grade) in a predetermined amount of deionised water.
The Na 2 CO 3 dosage varied from 4 % to 8 % by weight of GGBS while reactive MgO content ranged from 5 to 10 % by weight of GGBS. The mix compositions of all the paste samples are listed in Table   2 where N, H and M refer to Na 2 CO 3 , MgO H and MgO M respectively, with the Na 2 CO 3 and MgO content followed by each notation. The water to solid (including the slag, reactive MgO and Na 2 CO 3 ) ratio was fixed at 0.32. The MgO H was only added with 4% Na 2 CO 3 due to its large surface area causing significant decrease of workability as well as its high price. The reactive MgO powder was first mixed with the slag for 3 minutes in a bench-top mixer to achieve homogeneity to which the Na 2 CO 3 solution was then added. After mixing for another 3 min, the mix was cast into the cubic (40×40×40 mm) or prism (40×40×160 mm) moulds in two layers and hand-vibrated to eliminate the voids. The samples were then covered with cling film to avoid moisture loss. After 24 hours, the samples were demoulded carefully and the cubes were transferred into the water tank maintained at 21±2 °C, while the prisms were stored at the temperature of 21±2 °C and relative humidity of 50±5%.
The drying shrinkage measurement was performed using a CONTROLS electronic length comparator with an accuracy of ±0.001 mm to determine the linear dimension variation of the prism specimen along the longitudinal axis. The first reading was recorded immediately after demoulding and the measurement was conducted in triplicate for each mix up to 90 days. The unconfined compressive strength (UCS) of the cubic samples, in triplicate, was determined according to [24] at the curing age of 1, 3, 7, 28 and 90 days. Then the crushed samples were ground and stored in acetone for 3 days to arrest the hydration and then vacuum dried for ≥3 days followed by oven drying at 60 °C before microstructural analysis. The samples were then further ground to pass through a 75 micron sieve prior to XRD tests and TGA. XRD was carried out on a Siemens D5000 X-ray diffractometer using a scanning range from 5 to 55 (2θ), with a scanning speed of 1s/step and resolution of 0.05°/step. TGA was conducted on duplicate samples on PerkinElmer STA6000 equipment from 40 to 800 °C with the increasing rate of 10 °C/min. The standard error between two samples was in general less than 5%, so the average values were reported. SEM was performed on the JEOL 820 machine.
Results and Discussion

3.1.
Strength development (Fig.1a) . On the other hand, the strength was almost negligible at 1 d with MgO M addition regardless of the Na 2 CO 3 content. After 90 d of water curing, 4% Na 2 CO 3 with 5% MgO M content showed the highest strength and the reached ~65 MPa, which was ~45% higher than the reference mix (Fig. 1b) . Nevertheless, higher dosages of MgO M slightly decreased the strength at 28 d. At 6% Na 2 CO 3 content, it was found that the addition of MgO M did not increase the strength too much in the early ages (≤3 d). At 7 and 28 d, 5-7.5% MgO M addition slightly increased the strength while 10% MgO M reduced the strength compared to the reference mix. At 90 d, the mix with 5% MgO M showed significantly higher strength than the other mixes (Fig. 1c) . At 8% Na 2 CO 3 content, no benefit of adding reactive MgO was observed in terms of strength during the first 28 d of curing. In addition, when the content of MgO M was ≥ 5%, the strength decreased by ~12% compared to sample N8 (without MgO) at 90 d (Fig. 1d) . Therefore, it was concluded that 5% of slightly increased the shrinkage, though it was still much lower than the reference showing ~10% less shrinkage than the reference at 90 d.
The effect of the content of Na 2 CO 3 and MgO M on the drying shrinkage is illustrated in Fig. 3 . It was apparent that increasing the Na 2 CO 3 content from 4% to 6% significantly decreased (~53%) the shrinkage of the pastes, while no difference was detected when it increased from 6% to 8%. The addition of 5% of MgO M showed the lowest shrinkage regardless of the Na 2 CO 3 content, which is consistent with the strength results that 5% is the optimum MgO content. It should be noted that although no strength benefit was observed by adding MgO M at 8% Na 2 CO 3 content (Fig. 1d) , the drying shrinkage decreased by ~30% at 28 d.
XRD results
The XRD patterns of the reactive MgO and Na 2 CO 3 activated GGBS pastes cured for 28 d are shown in Fig. 4 . Comparing the effects of the two reactive MgOs, MgO H reacted much faster with slag to produce more hydrotalcite-like phases which was indicated by the increased strongest characteristic peak of Ht at 2θ of ~11.7° (Fig. 4a ), which increased with the increase of MgO content. Much higher peak of MgO was identified in pastes containing MgO M indicating higher content of unhydrated MgO (indicated by the higher peak at 2θ of 42.9°) due to its lower reactivity compared to the pastes with MgO H . It should be noted that there was no brucite detected in all the pastes regardless of the MgO type and content (≤ 10 wt%), which agreed well with previous studies [20, 21] , although a minor content of brucite out of the XRD detection limit could exist. A small peak for Na 2 CO 3 at 2θ of 35° was detected suggesting that both the activators were not fully consumed by GGBS at28 d. In addition, characteristic peak for calcium sodium carbonate hydrate at 2θ of 47.7° was found. Various peaks for calcite were denoted in the patterns, which could be due to the carbonation of portlandite or C-S-H gel during the sample preparation and curing stages. It could also come from the causticisation of Na 2 CO 3 as suggested in [25] :
Consequently, as it can be seen from the XRD curves, the peaks for calcite increased with the increase of Na 2 CO 3 concentration.
Increasing the Na 2 CO 3 content was found to increase the intensities of all the hydration products as illustrated in Fig. 4b , which indicates the enhancement of the slag hydration degrees and consequently higher strength. In addition, gehlenite hydrate as the minor hydration product was also observed, agreeing with [2] .
The role of calcite played in the pastes is in analogy with hydrotalcite-like phases. Previous studies [10, 26] on the role of limestone in slag cement indicated that calcite powder could refine the pore structure and improve the early strength. Therefore, an optimum content of reactive MgO (5% in this study) existed when the quantities of hydrotalcite-like phases and calcite were sufficient to give the lowest porosity and highest strength while higher contents would result in excess voluminous phases (i.e., hydrotalcite-like phases and/or brucite) and hence micro-cracks in the matrix leading to reduced strength.
TGA results
The TG and first derivative of TG (DTG) curves of the pastes cured for 28 d are shown in Fig. 5 . The DTG curves were divided into four ranges:
1. At temperature up to 250 °C, this mainly involves the dehydration of C-S-H. In addition, M-S-H gel could also form by the reaction between MgO and dissolved SiO 2 , and loses its water between 80-200 °C.
2. The temperature range of 250-450 °C includes mainly the decomposition of hydrotalcite-like phases, since brucite was found to be totally consumed by the reaction with slag from the XRD analysis.
3. The small shoulder at around 450-500 °C was attributed to the dehydration of portlandite.
4. The temperature range between 500 °C and 800 °C is the decomposition range of various carbonate-containing phases including magnesium carbonate, calcium carbonate, calcium sodium carbonate, sodium carbonate, and hydrotalcite-like phases.
The first two major weight losses (Δm 1 and Δm 2 ) and the total weight loss (Δm t ) were calculated by combining the TG and DTG curves and the results are shown in Table 3 . It is apparent that with the increase of reactive MgO content, the total weight loss (i.e., chemically bound water content, CBW)
increased. The effect of MgO H was much greater than the MgO M , due to the larger quantities of the C-S-H and hydrotalcite-like phases formed (indicated by the increase of Δm 1 and Δm 2 ) and the higher density of water in hydrotalcite-like phases. It also showed that the quantities of C-S-H and hydrotalcite-like phases increased much more significantly in pastes with 4% Na 2 CO 3 than those with 8% Na 2 CO 3, which was consistent with the strength results that the addition of reactive MgO was more effective with lower concentration of Na 2 CO 3 . In addition, the content of the carbonates was significantly higher in the samples with 8% Na 2 CO 3 as indicated by the weight loss at 500-800 °C.
To elucidate the effect of different reactive MgOs, the relationship between CBW and UCS of the paste with two types of MgOs and 4% Na 2 CO 3 was plotted in Fig. 6 . For MgO M , there was a good linear relationship between CBW (as well as the MgO M content) and UCS at 3 d indicating that the MgO with lower reactivity led to a slower increase of hydration products. These newly formed products caused a gradual pore filing and consequently increased the strength of the pastes. At 28 d, with the increase of CBW (and MgO M content), UCS increased up to MgO M content of 5% while it decreased notably when MgO M content reached 10%, suggesting that although the hydration products increased, the strength decreased, which could be due to the deterioration of the pore structure by excess hydrotalcite-like phases or a minor content of brucite that cannot be detected in XRD [20] . On the other hand, when highly reactive MgO (MgO H ) was used, this over filling effect was manifested at 3 d and continued till 28 d since it resulted in a much faster increase of hydration degree and the content of hydration products.
Microstructure
Fig . 7 shows typical SEM images of selected pastes at 3 d of curing. The early hydration product was mainly reticulated C-S-H (see Fig. 7a inset) covering the slag particles for the N4 and N4M5 samples at 3 d (Fig. 7a and c) , resembling these observed in sodium silicate activated GGBS at early ages [20] .
When 5% of highly reactive MgO (N4H5) or more Na 2 CO 3 (N8) was used, relatively dense C-S-H gel was formed and showed a much less porosity than the former two ( Fig. 7b and d ), which were consistent with their strength and TGA results. The gels have occupied the spaces that were initially filled with water and generated a more compact microstructure, which further led to increased strength and more chemically bound water as presented above. Small crumbles in the N8 sample could be assigned to the excessive Na 2 CO 3 or the calcite formed as explained in XRD section. It was concluded that MgO H accelerated the early age hydration of the slag while MgO M had almost no effect.
There could be two effects by the addition of highly reactive MgO: (i) the quick hydration of MgO H resulting in much more hydration products that can fill the pores more effectively and (ii) the fast heat release during the dissolution process of MgO leading to higher dissolution rate of GGBS and also higher reaction rate among the cement components. At 28 d, all mixes formed dense microstructure consisting primarily of C-S-H gels ( Figure 8 ) and the other hydration products probably had no distinctive morphology and intermixed with the gels, which made them hard to identify. It should be noted that small cracks were visible in N4H5 sample, which could explain why its strength stopped to gain from 28 to 90 d. Although hydration was still progressing as indicated by the TGA results, the cracks formed initially would expand and reduce the strength.
Conclusions
The mechanical and drying shrinkage properties of reactive MgO and Na 2 CO 3 activated GGBS pastes were investigated in order to evaluate the suitability of combining reactive MgO and Na 2 CO 3 as a sustainable activator for GGBS. The following conclusions can be drawn based on the experimental results obtained above:
1. It was found that an optimum content of reactive MgO (i.e., 5% by weight of the slag) existed regardless of the MgO type and Na 2 CO 3 content. The effect of reactive MgO was more significant with low Na 2 CO 3 content (4%), while at 8% Na 2 CO 3 content, even with the optimum reactive MgO addition, the strength was almost the same as the reference.
2. MgO with high reactivity (~10 s) increased the early strength of Na 2 CO 3 activated GGBS significantly while MgO with medium reactivity (~100 s) had no observable effect. However, the long term strength of pastes using highly reactive MgO was the same as the reference, while the addition of MgO with medium reactivity helped to increase the 90-d strength by ~45%.
3. In terms of drying shrinkage, increasing the Na 2 CO 3 content from 4% to 6% caused a remarkable decrease of drying shrinkage while increasing it from 6% to 8% had negligible effect. Adding 5% reactive MgO can effectively reduce the drying shrinkage of Na 2 CO 3 activated GGBS pastes regardless of Na 2 CO 3 content.
4. XRD and TGA revealed that the major hydration products are C-S-H gel and hydrotalcite-like phases, with gehlenite hydrate as the minor phase. Both the MgO and Na 2 CO 3 were not fully consumed at 28 d. In addition, there was a large quantity of calcite formed especially in 8% Na 2 CO 3 pastes probably due to causticisation.
The combination of reactive MgO and Na 2 CO 3 could serve as a promising sustainable activator for slags compared to the conventional caustic alkali hydroxides or silicates. In addition, considering the low-shrinkage of Na 2 CO 3 activated slag [6] and the shrinkage-reducing effect of MgO [15] , this combination could probably generate AAS concrete with low drying shrinkage, facilitating the spread of AAS concrete. However, further research is needed to study other performance of this kind of AAS such as the setting time, rheology, and durability. 
